Introduction
Distal sensory polyneuropathy (DSP) is the most common peripheral neuropathy among the human immunodeficiency virus (HIV-1)-infected individuals (Brinley et al., 2001; Verma, 2001) and is the most frequently encountered neurological disorder among HIV-infected patients in the developed world (Keswani and Hoke, 2003) . DSP is characterized by sensory loss, spontaneous or evoked pain, paraesthesiae, and gait instability. Indeed, DSP substantially lowers the quality of life of people with HIV-1 infection, especially after the progression to acquired immunodeficiency syndrome (AIDS) (Pandya et al., 2005) . The key neuropathological features of DSP include the loss of small-diameter axons together with the presence of inflammatory cells, comprised of infiltrating lymphocytes and activated macrophages within affected nerves and dorsal root ganglia (DRGs) (Bradley et al., 1998; Pardo et al., 2001) . Previous studies have concentrated on the contributions of macrophage activation and the effects of inflammatory cytokines on DSP pathogenesis, which appear to be important pathogenic factors (Keswani and Hoke, 2003; Jones et al., 2005) . However, little is known about the actions of the abundant lymphocyte population in DRGs of patients with HIVrelated DSP.
There is a growing literature demonstrating that activated T lymphocytes are cytotoxic to neurons (Medana et al., 2001b; Bien et al., 2002) . Previous studies show that allogeneic T cells can kill mouse peripheral nervous system neurons (Manning et al., 1987) , and antigen (Ag)-specific T cells are toxic to syngeneic mouse neurons on which major histocompatibility complex class I (MHC-I) expression was required (Rall et al., 1995; Medana et al., 2001a) . More recent reports have revealed that activated T cells cocultured with human neurons or with mouse brain slices led to substantial neuronal death, regardless of whether the T cells were allogeneically and syngeneically derived (Rall et al., 1995; Medana et al., 2001a; Giuliani et al., 2003; Hannila and Kawaja, 2003) . However, some studies have emphasized the point that cytotoxicity was mediated through cell contact-dependent mechanisms in which FasL, perforin, or CD154 and their cognate receptors were involved (Giuliani et al., 2003; Nitsch et al., 2004) .
Feline immunodeficiency virus (FIV) is a lentivirus, like HIV, in the Retroviridae family, causing an AIDS-like illness in feline species, including domestic cats. Similar to the cell tropism of HIV, FIV infects feline macrophages, lymphocytes, and neural cells, including microglia and astrocytes (Brunner and Pedersen, 1989; Dow et al., 1990) , by means of the chemokine receptors CXCR4 and CCR5 (Willett et al., 1997; Johnston and Power, 2002) . Similar to the clinical manifestations of HIV infection, FIV infection also leads to encephalopathy (Power et al., 1998) and peripheral neuropathy (Kennedy et al., 2004) . Very recently, we developed a DRG culture system in which FIV caused neuronal injury and death . Because FIV infection shares many similarities with HIV in terms of viral properties and pathogenic effects, FIV represents a useful animal model for extending the understanding of HIV pathogenesis. In the current study, we used the FIV model to investigate the extent to which FIV-infected and uninfected lymphocytes exerted cytopathic effects in DRG neurons. Indeed, our studies revealed that CD8ϩ T lymphocytes induced neuronal injury and death through a CD154-dependent mechanism.
Materials and Methods
Virus preparation. The FIV strain used in this study was the infectious neurovirulent recombinant molecular clone, V1-Ch, derived by transfection of CrFK cells and amplification in feline peripheral blood mononuclear cells (PBMCs), as described previously (Johnston et al., 2000) . Culture supernatants from FIV-infected feline PBMC, which served as sources of infectious virus for these experiments, were cleared of cellular debris by centrifugation and titered by limiting dilution, as described previously (Power et al., 1998) .
Peripheral blood lymphocytes and FIV infection. Feline PBMCs were isolated from the blood of healthy retrovirus seronegative cats by FicollHypaque centrifugation, as described previously (Power et al., 1998) , and suspended in RPMI 1640 medium (Invitrogen, Burlington, Ontario, Canada). To isolate lymphocytes, PBMCs were seeded in the flask for 4 h of adherence at 37°C, 5% CO 2 , and then the suspended peripheral blood lymphocytes (PBLs) were counted and plated at 1.5 ϫ 10 6 cells/well in 24-well plates with 5 ng/ml phytohemagglutinin. After 3 d, half of the lymphocytes were infected with FIV [10 4 tissue culture infectious dose (TCID)/ml] at 37°C, 5% CO 2 , and the media were changed after 24 h. The remaining uninfected cells were used as controls. All of the cells were subsequently resuspended in AIM-V medium with different doses of phorbol myristate acetate [PMA; 0 ng/ml (P0), 5 ng/ml (P5), 25 ng/ml (P25), and 50 ng/ml (P50)] for a subsequent 3 d of differentiation.
Lymphocyte isolation. CD4ϩ, CD8ϩ, and CD22ϩ lymphocytes were isolated from the cultured feline PBLs above using Dynalbeads according to instructions of the manufacturer (Dynal Biotech, Oslo, Norway). Briefly, the PBLs were incubated with anti-feline CD4 and CD8 antibodies (Leukocyte Antigen Laboratory, University of California, Davis, CA), anti-feline CD4 and CD22 antibodies (Leukocyte Biology Laboratory), or anti-feline CD22 and CD8 monoclonal antibodies in PBS with 0.1% BSA for 30 min. After washing, we treated cells with washed Dynalbeads labeled with anti-mouse antibodies to the cells for another 20 min at 4°C with gentle tilting and rotation. Tubes were then placed in a magnet for 2 min after a collection of the supernatant containing CD4, CD8, and CD22 lymphocytes, respectively (van Marle et al., 2002) . The selected lymphocyte populations were confirmed by fluorescence-activated cell sorting (FACS) analyses, which revealed Ͼ90% purity.
Flow cytometry analysis. Cultured PBLs were labeled with anti-feline CD22, anti-feline CD4, and anti-feline CD8 monoclonal antibodies and anti-human CD154 polyclonal antibody (Ab). FITC-conjugated goat anti-rabbit IgG Ab and PE conjugated goat anti-mouse IgG1 antibodies were applied after labeling of primary antibodies. Omitting the primary antibodies served as controls. Analysis was performed using the FACScan (Becton Dickinson, Mountain View, CA) flow cytometer. The cells (1 ϫ 10 4 ) were analyzed for each sample (Power et al., 1998) . Feline DRG cultures. Culture plates and chamber slides (Nunc, Naperville, IL) were coated with a 1:2 dilution (in media, v/v) of matrigel (BD Biosciences, Quebec, Canada). DRGs from FIV seronegative healthy adult cats were removed under a dissecting microscope . Cleanly dissected DRGs were incubated at 37°C for 100 min in digestion media containing 0.5 mg/ml trypsin (Invitrogen), 1 mg/ml collagenase type IA (Sigma-Aldrich, Oakville, Ontario, Canada), and 0.1 mg/ml DNAase type I (Roche Products, Welwyn Garden City, UK) in DMEM (Sigma-Aldrich). Digestion media was removed by centrifuge at 1500 rpm for 5 min, and cells were washed twice with culture medium [DMEM containing 10% heat-inactivated fetal bovine serum, 5% horse serum (Invitrogen), 2 mM L-glutamine and 1% N-2 supplement (Invitrogen), 0.1 mg/ml penicillin/streptomycin (Invitrogen), and 5% L929 cellconditioned medium]. The tissue solution was triturated using a sterile glass pipette until a homogeneous cell suspension was obtained and adjusted to a concentration of 0.1 ϫ 10 6 cells/ml. Cells were seeded onto eight-well chamber slides (250 l/well) and incubated at 37°C, 5% CO 2 . The next day and every third day thereafter, medium was changed.
Lymphocytes, antibody, or peptide treatment of cultured DRG cells. After 7 d of ex vivo differentiation, DRG cultures were treated with FIVinfected or uninfected syngeneic lymphocytes (with or without PMA stimulation) at 5 ϫ 10 4 cells in each well or treated with CD4ϩ, CD8ϩ, or CD22ϩ lymphocyte subsets at the corresponding proportion of cells formed in total PBLs (5 ϫ 10 4 cells). After application of the lymphocytes, DRG cultures were vigorously washed with DMEM twice to remove nonadherent cells. In addition, the same number of CD8ϩ lymphocytes pretreated with anti-human CD154 antibody (2 g/ml; BD Biosciences, Franklin Lakes, NJ) for 1 h were also applied to DRG cultures. Recombinant human CD154 (200 ng/ml; Santa Cruz Biotechnology, Santa Cruz, CA) and anti-human CD154 antibody (2 g/ml; BD Biosciences) were applied to the DRG cultures as controls. All of the treatments were maintained for 48 h and then fixed with 4% PBSbuffered paraformaldehyde for 15 min.
Experimental animals and tissue collection. Specific pathogen-free neonatal (day 1) kittens were infected with 0.2 ml of infectious (10 4 TCID 50 / ml) or heat-inactivated virus (control cats) in accordance with Canadian Animal Care Committee guidelines, as described previously (Power et al., 1998) . Kittens were weaned at 6 weeks of age and monitored until 12 weeks of age, at which time all animals were killed, as described previously (Power et al., 1998; Kennedy et al., 2004) , L5 DRGs were collected and fixed in 4% PBS-buffered paraformaldehyde for 12 h at 4°C and submerged in PBS containing 20% sucrose overnight at 4°C after wash in PBS. The fixed DRGs were embedded in OCT compound and fast frozen in isopentane with dry ice and stored at Ϫ80°C until sectioned. L6 DRGs were immediately frozen on dry ice and kept at Ϫ80°C until use.
Immunohistochemistry and immunofluorescence. PBS-buffered paraformaldehyde (4%)-fixed cultured DRG cells on chamber slides and tissue sections were incubated with PBS containing 50% normal goat serum overnight at 4°C to block nonspecific staining. The sections and slides were exposed either to mouse anti-microtubule-associated protein (MAP)-2 (clone HM-2; 1:1000 dilution; Sigma), rabbit anti-CD154 (1: 200 dilution; Santa Cruz Biotechnology), rabbit anti-CD40 (1:200 dilution; Santa Cruz Biotechnology), mouse anti-NF 200 (1:200 dilution; Sigma), or mouse anti-feline CD18 (1:10 dilution; Leukocyte Antigen Laboratory) overnight at 4°C followed by washing in PBS and then incubated with either Cy3 or Alexa 488-conjugated goat anti-rabbit or mouse (1:1000 dilution; Invitrogen, Eugene, OR) for 2 h at room temperature in the dark followed by repeated washing in PBS. The sections and slides were mounted with Gelvatol. The specificity of staining was confirmed by omitting the primary antibody. The sections and slides were examined on an Olympus FV300 confocal laser-scanning microscope and DIC microscope. In addition, a Zeiss (Oberkochen, Germany) Axioskop 2 upright microscope and Spot system (Diagnostic Instruments, Sterling Heights, MI) provided digital images for quantitative analysis of neurite length and neuronal soma size using the public domain program Scion Image (Scion, Frederick, MD).
Nerve morphology. Sural nerves were removed from 12-week-old FIVinfected and uninfected animals and processed for epon embedding (Zochodne et al., 1997) . Briefly, samples were fixed in 2.5% glutaraldehyde in 0.025 M cacodylate buffer overnight, serially washed in 0.15 M cacodylate buffer, postfixed in 2% osmium tetroxide in 0.12 M cacodylate, dehydrated using a series of graded alcohols and propylene oxide, and embedded in epon. Transverse sections (1.0 m thick) 15 mm distal to the sciatic trifurcation were cut with an ultramicrotome (Reichert, Austria) using glass knives and stained with toluidine blue. Morphological exam-ination of specimens was performed using Scion Image (Scion). Video images were obtained with a light microscope (Axioskope; Zeiss, Toronto, Ontario, Canada) and attached digital camera (Axiocam; Zeiss) interfaced with a computer. The computer-assisted image analysis allowed for the determination of the number, caliber, and size frequency of intact myelinated fibers. All counting was performed with the microscopist blinded to the identity of the animal group.
Quantitation of neuronal injury and loss. After completion of the immunolabeling protocol, slides were imaged for subsequent measurements of the neuronal soma area, maximal neurite length per neuron, using a minimum of 25-50 neurons per individual treatment from three separate wells by an examiner unaware of the slide identity. Using ScionImage image analysis software (Scion), each parameter was assessed, as reported previously (Hannila and Kawaja, 2003) . In addition, cell survival was measured in terms of the number of MAP-2 immunopositive neurons per unit area in triplicate . All experiments were repeated at least twice and performed in triplicate.
RNA extraction and cDNA synthesis. FIV-infected and uninfected PBLs with or without PMA stimulation and DRG tissues were homogenized and lysed in 1 ml of Trizol (Invitrogen, Gaithersburg, MD) according to the guidelines of the manufacturer. Chloroform (200 l) was added and the tubes were shaken vigorously for 30 s followed by 2 min of incubation at room temperature. The samples were then centrifuged at 13,000 ϫ g for 20 min at 4°C. The upper phase (450 -500 l) was transferred to a fresh tube. Isopropyl alcohol (500 l) was added to precipitate the total RNA at room temperature for 10 min followed by centrifugation at 13,000 ϫ g for 20 min at 4°C. The resulting RNA pellets were washed with 75% ethanol. Total RNA was dissolved in diethylpyrocarbonate-treated water. RNA was treated with DNase (2 g/ml; Invitrogen) in the presence of 20 U of RNaseout (Invitrogen) at 37°C for 1 h followed by 10 min incubation at 70°C, shown to be free of contaminating cellular DNA. cDNA was synthesized using 1 g of RNA, 5 l of 10 M dNTP, 100 ng of random primers (Roche, Laval, Quebec, Canada), 200 U of Superscript (Invitrogen), and 20 U of RNaseout (Invitrogen). Reactions were performed at 37°C for 90 min and 70°C for 15 min. cDNA was stored at Ϫ20°C until use, as reported previously (Power et al., 1998) .
DNA extraction. CD8ϩ and CD4ϩ T cells with or without FIV infection were lysed in 200 l of SDS lysis solution at 50°C for 15 min. Genomic DNA was extracted twice with an equal volume of Tris buffer phenol, pH 8.0, and centrifuged for 10 min at 13,000 rpm and once with an equal volume of chloroform:isoamyl alcohol (24:1) and centrifuged for 10 min at 13,000 rpm. One-tenth volume 3 M sodium acetate, pH 4.8, and three volumes of 100% ethanol were added, incubated at room temperature for 10 min, and centrifuged for 15 min at 13,000 rpm. The pellets were washed with 70% ethanol. Total genomic DNA was dissolved in TE buffer.
Real-time PCR. Genomic DNA derived from cultured CD4ϩ and CD8ϩ T cells and RNA from the supernatants of FIV-infected and uninfected PBLs were used to amplify the viral pol gene for both proviral DNA in PBLs and viral RNA in PBL culture supernatant (Johnston et al., 2000) . A real-time PCR protocol using primers that detect the FIV pol gene was used to determine the number of copies of viral RNA/ml as reported previously (Kennedy et al., 2004) . Changes in RNA levels of specific host genes were quantified by real-time PCR using I-cycler IQ system (Bio-Rad, Mississauga, Ontario, Canada). cDNA prepared from total RNA of cultured T cells and DRG tissues was diluted 1:1 with sterile water, and 5 l was used per PCR. The primers used in the real-time PCR were as follows: glyceraldehyde-3-phosphate dehydrogenase (GAPDH): forward primer, 5Ј-AGC CTT CTC CAT GGT GGT GAA-3Ј; reverse primer, 5Ј-CGG AGT CAA CGG ATT TGG TCG-3Ј; CD154: forward primer, 5Ј-GGG GGC CTT ATC CTT ACT GAA CT-3Ј; reverse primer, 5Ј-GGA TCC TGG TCG CCT TTT TG-3Ј (T m 50°C). Semiquantitative analysis was performed by monitoring in real-time the increase in fluorescence of SYBR-Green dye. Real-time fluorescence measurements were performed, and a threshold cycle value for CD154 gene was determined, as reported previously (Power et al., 2003) . All data were normalized to the GAPDH mRNA threshold cycle level and expressed as mRNA relative fold change.
Statistical analysis. Statistical analyses were performed using Graph- 
Results
Herein, we analyzed PBMCs isolated from FIV-infected and uninfected animals, revealing that the CD4ϩ T cell population ( Fig.  1 A) was significantly decreased in FIV-infected animals at 12 weeks after infection compared with uninfected controls. Conversely, CD8ϩ T cells at both weeks 8 and 12 were significantly increased in FIV-infected animals compared with uninfected controls (Fig. 1 B) . In addition, axonal counts in sural nerves revealed that small-diameter fibers (axons 5-11 m 2 ) (mean Ϯ SEM) were significantly reduced in FIV-infected animals (1079 Ϯ 21) compared with uninfected animals (2105 Ϯ 25) ( p Ͻ 0.05) and had a decline in their mean axonal area as well (data not shown), indicating additional atrophy, whereas largediameter fiber counts did not differ between groups (data not shown). The lymphocytes in the DRG from both FIV-infected and uninfected animals were analyzed by immunolabeling, which revealed numerous CD3ϩ immunopositive lymphocytes present in DRGs of FIV-infected animals (Fig. 1 D) compared with those from uninfected animals (Fig. 1C) . Quantitative analysis showed that there was a significant increase in the number of CD3ϩ immunopositive cells (mean Ϯ SEM/mm 2 ) in DRGs in FIV-infected compared with uninfected animals (544 Ϯ 47 vs 276 Ϯ 32; p Ͻ 0.05). Thus, DRG infiltration by lymphocytes during FIV infection was associated with increased CD8ϩ lymphocytes in blood and loss of small-diameter sensory nerves.
Previous studies have shown DRG neuronal injury in patients with HIV-related DSP (Bradley et al., 1998) and in FIV-infected DRG cell cultures . The findings of numerous lymphocytes present in the DRGs from FIV-infected cats suggested these infiltrating lymphocytes might contribute to the pathogenesis of DRG neuronal injury. Thus, we prepared syngeneic cultures from healthy cats in which PMA-stimulated and unstimulated PBLs with and without previous FIV infection were cocultured with healthy (uninfected) DRG cultures for 48 h. Direct interactions were observed between neurons and lymphocytes (Fig. 2 A) , further defined by colocalization of NF 200 immunopositive neurons and their processes with CD3ϩ T cells (Fig. 2 B) . We then examined the morphological changes in DRG neurons induced by PBLs by assessing MAP-2 immunopositive neurons relative to untreated (control) cultures in terms of soma size, maximal neurite length, and neuronal survival. Quantitative analyses of neurite length revealed a PMA concentrationdependent decline in mean maximal neurite length in FIVinfected lymphocytes applied to DRG cultures compared with mock cultures, which was not evident for the uninfected cultures (Fig. 2C) . Mean neuronal soma size was also significantly reduced in FIV-infected and uninfected lymphocytes after PMA (25 g/ ml) stimulation relative to matched uninfected cultures at the same time point (Fig. 2 D) . Likewise, neuronal perikaryal numbers were significantly reduced in DRG cultures treated with FIVinfected PBLs compared with uninfected PBLs, although PMA treatment of PBLs had minimal effect on neuronal survival (Fig.  2 E) . In summary, whereas PBL activation in syngeneic lymphocyte-treated DRG cultures contributed to limited neurite retraction, FIV infection of PBLs markedly increased neurite retraction, neuronal soma atrophy, and loss.
To determine whether FIV-infected PBLs secreted neurotoxins, we treated DRG cultures with the supernatants from PMAstimulated PBLs for 48 h after FIV or mock infection. Although neurite retraction was not present in DRG cultures treated with the supernatants from FIV-infected and uninfected lymphocytes with or without PMA stimulation (Fig. 3A) , a significant reduction in neuronal soma size was apparent in cultures treated with PMA-stimulated PBL supernatants compared with the unstimulated PBL-derived supernatants (Fig. 3B) . However, no effect was observed on neuronal survival with the supernatant treatment from different lymphocyte cultures (Fig. 3C) . We also examined FIV quantity in PBL-derived supernatants, which revealed that viral copy number was high in supernatants and unaffected by PMA treatment (Fig. 3D) . Thus, these findings indicate that soluble factors, including virus particles from PBLs, contributed minimally to neuronal injury in this culture system, although PMA activation of lymphocytes may contribute to neuronal soma atrophy.
Previous studies indicate that specific PBL subsets were cytotoxic to different types of target cells (Ichiki et al., 2005; Riccieri et al., 2005) . To further define which lymphocyte subsets contributed to the DRG neuronal injury, CD4ϩ, CD8ϩ, or CD22ϩ lymphocytes were isolated from FIV-infected and uninfected PBLs. Examination of ex vivo PBLs and CD4ϩ, CD8ϩ, and CD22ϩ lymphocytes (Fig. 4 A) by flow cytometry assay showed that CD4ϩ T cells represented the major fraction of activated and quiescent inactivated PBLs, regardless of the presence or absence of FIV infection. Not surprisingly, FIV provirus abundance was lower in CD8ϩ T cells compared with infected CD4ϩ T cells after stimulation with PMA, although unstimulated cells did not differ in provirus levels (Fig. 4 B) . After coculturing different PBL subsets with DRGs, CD4ϩ lymphocytes with or without FIV infection did not cause neurite retraction or neuronal soma atrophy (Fig. 4C,D) . Likewise, CD22ϩ lymphocytes alone were not toxic to DRG neurons (Fig. 4 E, F ) . However, CD8ϩ lymphocytes in- duced significant neuronal injury reflected by neurite length retraction ( Fig. 4G ) and soma atrophy (Fig. 4 H) , similar to the results of total lymphocyte application shown in Figure 2 , C and D. However, none of the individual PBL subsets caused neuronal loss in DRG cultures after 48 h of treatment (data not shown). These studies indicated that the CD8ϩ T lymphocyte was the predominant cell type causing neuronal injury, in particular neurite retraction.
Lymphocyte activation results in the enhanced expression of several molecules that mediate interactions between T cells and other cell types (Daoussis et al., 2004) . Indeed, CD154 is a key determinant of T cell-mediated injury through its cognate receptor CD40 (Toubi and Shoenfeld, 2004) . Moreover, CD40 is expressed on both neurons and macrophages (Tan et al., 2002) . Although PMA stimulation caused more than a twofold downregulation of CD154 transcript levels in uninfected T cells by real-time PCR, FIV infection increased CD154 transcripts in T cells, especially within the PMA-stimulated groups (twofold to fivefold increases depending on the concentration of PMA applied), compared with FIV-uninfected T cell groups ( p Ͻ 0.05) (Fig. 5A) . To define which cells expressed CD154, we examined T cell subsets among FIV-infected and uninfected PBLs by FACS analyses, indicating that FIV infection increased expression of CD154 on CD8ϩ lymphocytes (20%) compared with uninfected CD8 lymphocytes (14%). Likewise, 3% of FIV-infected CD4ϩ lymphocytes expressed CD154 compared with 2.2% of uninfected CD4ϩ lymphocytes (data not shown). Because CD154 expression was observed in FIV-infected PBLs, especially on CD8ϩ T cells, we examined its receptor, CD40, in DRGs. CD40 immunoreactive cells were present in DRGs from healthy and FIV-infected animals ( Fig. 5B) and were principally colocalized with NF200 immunoreactivity on neurons (Fig. 5C) . The number of CD18ϩ macrophages expressing CD40 detected in DRGs from FIV-infected animals was minimal (data not shown) compared with the neuronal expression of CD40. Among the CD3ϩ T lymphocytes infiltrating DRGs from FIV-infected animals, a subset of these cells also expressed CD154 (Fig. 5D) . Similarly, neurons in DRG cultures expressed CD40 molecules (data not shown). However, an increase in CD154 transcript levels was observed in DRGs from FIV-infected animals compared with uninfected animals ( p Ͻ 0.05) (data not shown). Thus, CD40 might serve as a receptor by which neuronal injury occurred during FIV infection.
To investigate further the mechanism underlying neuronal injury caused by CD8ϩ T lymphocyte treatment, anti-CD154 antibody pretreated CD8ϩ T lymphocytes, anti-CD154 antibody, or recombinant human CD154 peptide were applied to DRG cultures for 48 h. Anti-CD154 antibody treatment of CD8ϩ T lymphocytes significantly attenuated the neuronal injury in terms of neurite length (Fig. 6 A) and soma size (Fig. 6 B) compared with untreated CD8ϩ T lymphocytes with or without PMA stimulation regardless of FIV infection. Anti-CD154 antibody and recombinant human CD154 peptide treatment of DRG cultures had no effect on neuronal viability in terms of neurite length retraction and soma atrophy (Fig. 6 A, B) . These findings implied that DRG neuronal injury induced by FIV-infected and uninfected CD8ϩ T cells primarily resulted from CD40-CD154 interaction between neurons and CD8ϩ T cells, respectively.
Discussion
In the present study, we report that DRG neurons were injured and killed by FIV-infected and activated lymphocytes through a mechanism that required cell contact and involved CD154. Damage to small-diameter axons in peripheral nerves and DRG neurons are the hallmarks of HIV-1 associated DSP (Bradley et al., 1998; Araujo et al., 2000) . Nonetheless, little is known about the contribution of infiltrating lymphocytes in terms of neuronal injury in DRGs of HIV-infected patients with DSP. Using the FIV animal model, this is the first report of activated T cell-related cytotoxicity involving DRG neurons, and moreover, concurrent FIV infection of lymphocytes enhanced neurotoxicity. Indeed, the CD8ϩ T cell subset was the principal effector of DRG neuronal injury, in keeping with the rise in CD8ϩ T lymphocytes during lentivirus infections (Fig. 1) .
Previous studies have shown that T cells infiltrate the DRG during HIV infection (Esiri et al., 1993) , although their actions have not been investigated in the past. Infiltrating T cells enter the DRG because of the comparative absence of the blood nerve barrier at this site. In our study, numerous CD3ϩ T cells were detectable in DRGs from FIV-infected animals compared with those from uninfected animals. Moreover, the present FIVinfected animals exhibited selective loss of small-diameter axons in sural nerves, in keeping with studies of HIV-related DSP . FIV-infected PBLs, with or without PMA stimulation, were particularly toxic to DRG neurons in terms of retraction of neurite length, neuronal soma atrophy, and loss when cocultured with syngeneic DRGs. These findings are consistent with previous reports that activated T cells could injure neurons in both syngeneic and allogeneic mechanisms in vitro (Manning et al., 1987; Rall et al., 1995; Medana et al., 2001a; Giuliani et al., 2003) . HIV infection can also elicit autoreactive T cell responses in the circulation and in the brains of infected hosts (Lin et al., 2005) ; these findings resembled the marked influx and adverse effects of T cells in DRGs of FIV-infected animals, whereas the few resident T cells in DRGs of healthy cats did not exert deleterious effects on neurons. Soluble factors have also been demonstrated to contribute to DRG neuron injury (Nagano et al., 1996) . However, in the present studies, we observed neuronal soma atrophy alone with no effects on neurite length and neuronal survival mediated by supernatants with or without high levels FIV, suggesting that the effects of PMA might be contributing to soma atrophy. This notion is supported by the evidence that HIV-infected T cells did not release soluble neurotoxic factors (other than viral particles) unlike HIV-infected macrophages (Xu et al., 2004) . Our findings suggest that concomitant differing mechanisms of neuronal injury occur in the present system. For example, neuronal soma atrophy occurred without neurite retraction (Fig. 3) and, vice versa, neurite retraction was present without soma atrophy (Fig. 2) . These observations emphasize the complexity of lentivirus-induced neuronal damage and death, but they also imply that axonal injury and loss observed in HIV-related DSP may reflect a process by which axons and neurites retract because of events occurring at the level of the neuronal soma.
In the CNS of HIV-infected humans and simian immunodeficiency virus (SIV)-infected animals, numerous infiltrating T lymphocytes have been identified (Weidenheim et al., 1993; Boche et al., 1999; Neuenburg et al., 2005) , which are comprised of both CD8ϩ and CD4ϩ T cells (Petito et al., 2003; Kim et al., 2004) . However, activated CD8ϩ T cells represent the major T cell subset in the HIV-or SIV-infected CNS (Marcondes et al., 2001; Shacklett et al., 2004) . In the PNS, T cell subsets have not been identified in peripheral nerves and DRG of HIV-infected patients and of FIV-infected animals because of limited speciesspecific tools (e.g., antibodies). Nonetheless, both FIV-infected and uninfected CD8ϩ T cells, rather than CD4ϩ T cells and CD22ϩ B cells, exhibited cytotoxicity to DRG neurons in the current study. This finding may reflect that activated CD8ϩ T cells exhibiting a distinct clonal repertoire with the capacity to cause neurological damage (Marcondes et al., 2001; Shacklett et al., 2004) , although HIV-specific CD8ϩ T cells play a central role in immune response against viruses.
Many types of tissue injuries and immune-mediated pathologies are reported to involve CD40-CD154 interactions, which induce cytokine release and apoptosis (Szocinski et al., 2002; Airoldi et al., 2003; Gotoh et al., 2004) . CD40 contains a cytoplasmic motif reminiscent of the domain that mediates TNF receptor and CD95-dependent apoptosis. CD40 is not only expressed on B cells and macrophage and dendrite cells but also on nonimmune cells such as endothelial cells (Galy and Spits, 1992) , normal and neoplastic thyroid cells (Smith et al., 1999) , and carcinomas (Sugimoto et al., 1999) . The expression of CD40 on feline DRG neurons in the present study is supported by studies showing that CD40 is expressed and functional on neuronal cells (Tan et al., 2002) . CD154 is the cognate ligand for CD40 and is principally expressed on activated T cells. FIV infection markedly increased CD154 expression on T cells both in vivo and in vitro, similar to that observed in HIV infection (Zhang et al., 2004) , although PMA decreased the CD154 expression on uninfected T cells, including CD4ϩ and CD8ϩ T cells in vitro, which was correlated with the degree of neuronal injury. Functional blockage of CD154 expression on CD8 T cells significantly attenuated the neuronal injury induced by FIV-infected and uninfected CD8ϩ T cells in terms of neurite length and soma size, indicating that engagement of CD40 expressed on neurons by CD154 expressed by CD8ϩ T cells caused DRG neuronal injury. However, FIVinfected and uninfected CD4ϩ T cells did not induce DRG neuronal injury despite expressing CD154, and neither did soluble recombinant CD154. These latter data indicate that other costimulatory factors are required during the process of CD40 -CD154 interaction leading to neuronal injury. It is clear that lentivirus-infected macrophages are also present in DRGs and are associated with the development of DSP (Bradley et al., 1998; Kennedy et al., 2004) . Macrophages can also function as cytotoxic effectors of neuronal injury in both the PNS and CNS, but our studies sought to focus on the actions of the numerous infiltrating T cells. Moreover, minimal CD40 was expressed on CD18ϩ macrophages in DRGs, underscoring the direct interaction between CD154 on T cells and CD40 on neurons as a mechanism of neuronal injury.
Previous studies have demonstrated that during the course of the disease, immunity against HIV cross-reacts with suppressor T cell clones, disrupting the function of the helper T cell repertoire and resulting in autoimmunity (Hoffmann, 1995) . HIV-infected patients have circulating autoreactive cytotoxic T lymphocyte (CTL) and infiltrating CD8ϩ T cells in the brain, which recognize host and not viral peptides (Salemi et al., 1995; di Marzo Veronese et al., 1996; Miller et al., 2004; Lin et al., 2005) . There are reports describing neurons that express MHC-I molecules (Rall et al., 1995; Abendroth et al., 2000) , which are necessary for CTL recognition of target cells. Therefore, we predict that MHC-I expressed on neurons may also be necessary for CD8ϩ T cellmediated neuronal injury through CD40 -CD154 interaction. In contrast, FIV-infected and uninfected CD8ϩ T cells may also interact through other mechanisms, leading to macrophage release of neurotoxins (Gurlo and von Grafenstein, 2003) such as nitric oxide, which was found to kill DRG neurons during FIV infection . Nonetheless, the identification of CD8ϩ T cells as major effectors of neuronal damage and death during lentivirus-induced DSP provides new insights into developing therapeutic strategies for lentivirus-related distal sensory polyneuropathy.
